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Gut microbiota of four economically important Asian carp species (silver carp, Hypophthalmichthys molitrix; bighead carp,
Hypophthalmichthys nobilis; grass carp, Ctenopharyngodon idella; common carp, Cyprinus carpio) were compared using 16S
rRNA gene pyrosequencing. Analysis of more than 590,000 quality-filtered sequences obtained from the foregut, midgut and
hindgut of these four carp species revealed high microbial diversity among the samples. The foregut samples of grass carp
exhibited more than 1,600 operational taxonomy units (OTUs) and the highest alpha-diversity index, followed by the silver carp
foregut and midgut. Proteobacteria, Firmicutes, Bacteroidetes and Fusobacteria were the predominant phyla regardless of fish
species or gut type. Pairwise (weighted) UniFrac distance-based permutational multivariate analysis of variance with fish species
as a factor produced significant association (P<0.01). The gut microbiotas of all four carp species harbored saccharolytic or
proteolytic microbes, likely in response to the differences in their feeding habits. In addition, extensive variations were also
observed even within the same fish species. Our results indicate that the gut microbiotas of Asian carp depend on the exact
species, even when the different species were cohabiting in the same environment. This study provides some new insights into
developing commercial fish feeds and improving existing aquaculture strategies.
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INTRODUCTION
The silver carp (Hypophthalmichthys molitrix), bighead carp
(Hypophthalmichthys nobilis) and grass carp (Ctenophar-
yngodon idella) are known as the “Four Major Domesticated
Fish” in China (Billard and Berni, 2004). The common carp
(Cyprinus carpio) have been cultivated in China for over
2,500 years (Jeney and Jian, 2009). In 2013, the production
of these four economically important Asian carp species
reached 14.97 million tons in China (silver carp, 3.85 million
tons; bighead carp, 3.02 million tons; grass carp, 5.07 million
tons; and common carp, 3.03 million tons), accounting for
53.38% of the annual output of all freshwater-cultured fish
(Fishery Bureau of the Ministry of Agriculture, 2014). These
carp species are traditionally raised together to maximize the
utilization of different trophic and spatial resources (Wang et
al., 2016). In order to further optimize the polyculture, it is
essential to study their feeding habits in the polyculture
system. As previous studies have shown, one approach for
elucidating animal feeding habit is to examine the gut mi-
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crobial community; studies on humans, mice and chicken
have successfully correlated the gut microbial community to
the host’s physiology (Hooper et al., 2001; Qin et al., 2010;
Torok et al., 2008; Zhang et al., 2010). Thus, understanding
the gut microbiota of these carp species would certainly
provide valuable insights into their feeding habits and per-
haps help improve aquaculture strategies.
The Asian carp species differ in their natural feeding habits
(Billard and Berni, 2004). Silver carp and bighead carp are
primarily filter feeders (plankton-feeding); while silver carp
preferentially consumes phytoplankton, bighead carp tends
to consume zooplankton. Grass carp are herbivorous and
therefore also used to control weeds. Common carp are
omnivorous but prefer insects or benthic worms.
Fish gut microbiota have been investigated extensively
using traditional culture-dependent or microscopy methods
(Aguilera et al., 2013; Al-Hisnawi et al., 2015; Ghosh et al.,
2010; Pearce et al., 2003). The majority of microbes found in
fish guts have not been identified due to the inability to
cultivate those microorganisms in the laboratory (Clements
et al., 2014). The recently developed high-throughput se-
quencing technologies such as Illumia Miseq have re-
volutionized the characterization of the microbial
community, especially on the basis of their 16S rRNA gene
sequences (Park et al., 2016; Sun et al., 2015). A number of
recent studies that mainly focused on the gut microbiota of
mammals and zebrafish (Marungruang et al., 2016; Ranjan et
al., 2016; Roeselers et al., 2011) have described the use of
these technologies.
To the best of our knowledge, only a few studies have
compared the gut microbiota of cultured Asian carps using
the 16S pyrosequencing methods (Li, J., et al., 2014; Li, T., et
al., 2015; Li, Z., et al., 2015). The principal aim of this study
was to characterize and compare the gut microbiota of these
species. Furthermore, knowing the gut microbial community
can help better understand the natural feeding habits of each
carp species since gut microbiota composition can be ap-
propriately related to their natural feeding habits.
RESULTS
Microbial complexity in fish guts
A total of 594,412 quality-filtered sequences were obtained
from 35 samples, with the number of sequences per sample
ranging from 2,587 to 40,024 (Table S1 in Supporting In-
formation). The microbial complexity in the fish guts was
estimated based on alpha-diversity indices (OTU number,
abundance-based coverage estimator (ACE), Chao1 and
Shannon indices). The number of OTUs covered 51%–79%
and 55%–83% of the richness estimated by the ACE and
Chao1 indices respectively based on subsampled data (Table
1). For foregut samples, the alpha-diversity indices of grass
carp were the highest (ACE, 986±130; Chao1, 952±98; and
Shannon index, 5.8±0.2 based on subsampled data), and
were significantly higher than those of common carp and
bighead carp (Welch’s t test, P<0.05). For midgut samples,
the quality-filtered sequence was highest in the grass carp
when compared to that of common carp (P<0.05). Sig-
nificant difference in diversity indices was only observed
between bighead carp and common carp as per the Shannon
index (Table 1). No significant difference was observed
among hindgut samples of different species. Similar trends in
microbial diversity were also observed in the rarefaction
results which had been summarized by gut types and the
number of known assigned taxa (Figure S1 in Supporting
Information). As shown, the greatest number of taxa at dif-
ferent phylogenetic levels were detected in grass carp foregut
and silver carp midgut, followed by silver carp foregut and
hindgut.
Microbial community similarity between gut samples
For the phylogenetic comparisons of the gut microbial
communities, we analyzed their 16S rRNA gene sequence
data sets using the UniFrac metric. NMDS plots were created
to compare the overall composition of the gut microbiota,
although no clear clustering pattern was observed (Figure
1A). Only a limited number of gut samples were clustered
according to the host species. However, certain similarity
trends in the gut microbial community were still observed,
with several bighead carp and silver carp samples forming
two distinct clusters. In addition, most bighead carp gut
samples were closer to the common carp, and grass carp
samples were closer to silver carp samples (Figure 1A).
Furthermore, despite the shared environment of the hosts, the
overall composition of the gut microbial communities varied
substantially among, and even within, the species (Figure
1B). To determine possible host species effect, permutational
multivariate analysis of variance were performed with the
fish species as a factor. Similar to the NMDS ordination,
significant differences in the gut microbial communities
were observed between bighead carp and grass carp, bighead
carp and silver carp, and common carp and grass carp
(P<0.05 for all comparisons).
To further compare the gut microbiota of the four species,
the shared and unique OTUs were analyzed through Venn
diagrams (Figure 2). Pairwise comparison was performed
among all species by considering the shared OTUs as those
present in at least 30% of the samples of each species, and the
unique OTUs as those only present in more than 30% of the
samples within one species. The number of shared OTUs
varied from 6 to 48 and unique OTUs varied from 48 to 137,
and only 40 OTUs were common for all fish species (Figure
2A). These 40 common OTUs corresponded to 48.34%,
46.62%, 29.82% and 34.98% of the sequences in bighead
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carp, common carp, grass carp and silver carp respectively.
By increasing the cutoff for shared and unique OTUs to 50%,
the number of shared and unique OTUs apparently decreased
to 1–21 and 10–75 respectively (Figure 2B). The number of
common OTUs decreased to 12 and corresponded to
36.02%, 33.57%, 20.18% and 27.82% of the sequences in
bighead carp, common carp, grass carp and silver carp re-
spectively.
Microbial community compositions
The phylogenetic classification of the gut sample sequences
revealed 26 different phyla. The sequences that could not be
classified into any known group were assigned as “Un-
classified”. The 35 gut samples examined showed highly
dissimilar 16S rRNA profiles of relative abundance even at
the phylum level (Figure 3), indicating that even within a fish
Table 1 Summary of species richness estimators of gut samplesa)
Sample type
and number Fish species
Sequences passed
quality check
ACE** Chao1** Shannon**
Full data***
Subsampled
data***
Full data
Subsampled
data
Full data Subsampled data
Foregut (12)
H. nobilis 11,375±5,782 950±319 560±47a 903±285 534±55a 4±0.6a 3.9±0.6
C. carpio 20,720±6,747 561±58a 418±63b 563±67a 367±53b 2.5±0.5b 2.5±0.6a
C. idella 23,119±5,805 1,603±131b 986±130ac 1,619±103b 952±98ac 6±0.2ac 5.8±0.2b
H. molitrix 15,782±2,576 1,245±345 714±145 1,202±273 735±135 5.1±0.2ad 4.9±0.2c
Midgut (12)
H. nobilis 17,155±7,178 683±190 431±124 687±204 387±100 3.2±0.4 3.2±0.3a
C. carpio 7,241±3,433a 524±102 436±45 552±90 469±35 4.8±0.4 4.8±0.4b
C. idella 21,960±2,682b 816±122 458±97 810±128 427±67 4±0.4 3.9±0.4
H. molitrix 10,117±3,858 1,181±627 740±179 1,131±570 791±236 4.9±0.9 4.8±0.9
Hindgut (11)*
H. nobilis 23,412±8,030 919±83 504±21 874±109 479±7 3.1±0.1 3±0.1
C. carpio 11,506±7,428 589±108 465±42 600±91 445±34 4.1±0.3 4±0.3
C. idella 29,326±8,332 778±166 506±81 781±194 457±80 3.3±0.8 3.2±0.8
H. molitrix 9,638±549 740±279 638±225 744±308 595±250 4.3±1.9 4.2±1.9
a) F, foregut; M, midgut; H, hindgut. Standard error of the mean (SE) was used for data description (mean±SE). *, The DNA extraction or PCR
amplification were not successful in one hindgut sample. **, The species richness estimators (abundance-based coverage estimator (ACE), Chao1 and
Shannon) were calculated under 3% distance cutoff. Significant difference (indicated by letters, Welch’s t test) was calculated within each sample type (e.g.
foregut, midgut, hindgut) according to fish species. ***, “Full data” means the sequences that passed quality check, “Subsampled data” means the original
sequences randomly subsampled from each kind of fish gut sample.
Figure 1 Phylogenetic dissimilarity of gut microbiota among the four Asian carp species. A, A non-metric multidimensional scaling (NMDS) ordination of
(weighted) UniFrac distance showing the dissimilarity of the gut microbial communities. B, Pairwise Unifrac distances within each species. Pairwise
community distances were also determined using the weighted UniFrac algorithm. For the boxplot, letters above fish species indicate significant differences.
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gut sample, 0.31%–59.95% of the total sequences could not
be assigned to known microbial phyla (see Table S2 in
Supporting Information for more detail). Proteobacteria were
one of the most dominant phyla, representing 1.66%–79.01%
of the total sequences in each sample (bighead carp, 39.45%
± 22.23%; common carp, 35.30%±16.36%; grass carp, 37.54%
±7.41%; and silver carp, 38.93%±15.74%). The relative
abundance of another dominant phylum Firmicutes ac-
counted for 10.84%±12.53%, 24.56%±26.27%, 11.19%±
8.32%, and 8.22%±5.66% in bighead carp, common carp,
grass carp, and silver carp respectively. Bacteroidetes were
identified in all fish gut samples (bighead carp, 7.63%±
10.65%; common carp, 4.23%±2.97%; grass carp, 18.32%±
21.95%; and silver carp, 8.02%±3.58%), while Fusobacteria
were only absent in one sample of common carp, accounting
for 29.31%±21.26%, 19.40%±15.14%, 14.17%±26.17%,
and 6.46%±8.91% of the sequences of bighead carp, com-
mon carp, silver carp, and grass carp respectively. Other
microbial phyla that each made up >1% of total sequences
included Actinobacteria (0.04%–12.76%), Cyanobacteria/
Chloroplast (0–11.67%), Acidobacteria (0–9.51%), Spir-
ochaetes (0–58.21% and highly abundant in two samples of
grass carp), Chloroflexi (0–0.97%), and Verrucomicrobia (0–
4.56%). Rare phyla, namely Planctomycetes, Deinococcus-
Thermus, Chlamydiae, Gemmatimonadetes, Nitrospira,
Chlorobi, Crenarchaeota, OD1, Armatimonadetes, Eur-
Figure 2 Unique and shared OTUs in the four Asian carp gut samples. Venn diagram showing the number of shared and unique OTUs among the gut
samples of these four fish species at 30% (A) and 50% (B) cutoff level. The definitions of the shared and unique OTUs are given in the Materials and
Methods section.
Figure 3 The relative abundance of microbial phyla in different communities. Sequences that could not be assigned at phylum level were marked as
“Unclassified”. Lanes BF1-3, BM1-3 and BH1-3 represent three bighead carp foregut, midgut and hindgut samples respectively; lanes CF1-3, CM1-3 and
CH1-3 represent three common carp foregut, midgut and hindgut samples respectively; lanes GF1-3, GM1-3 and GH1-3 represent three grass carp foregut,
midgut and hindgut samples respectively; lanes SF1-3, SM1-3 and SH1-3 represent three silver carp foregut, midgut and hindgut samples respectively.
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yarchaeota, Aquificae, OP11, WS3, Tenericutes, TM7 and
Synergistetes were observed sporadically at low abundance
(making up 1.73% of the total sequences) in some of the fish
gut samples.
At the genus level, the sequences from the 35 samples
represented 595 genera. The proportion of sequences that
could not be classified into any known genera ranged from
4.02% to 80.63% in different samples. These unclassified
sequences, representing 31.42% of the total sequences, were
placed into 130 taxa above the genus level. The representa-
tion of unclassified microbial phylotypes varied significantly
among the samples (Figure S2 in Supporting Information).
A total of 18 genera and 12 other taxa (each >0.5% of the
total sequences; Figure 4) constituted more than 70.28% of
the total sequences in our dataset. As shown in Figure 4,
Cetobacterium (bighead carp, 28.51%±20.77%; common
carp, 19.34%±15.11%; grass carp, 5.79%±8.77%; and silver
carp, 13.49%±25.18%), Aeromonas (bighead carp, 13.84%±
12.86%; common carp, 12.04%±12.47%; grass carp, 10.79%±
9.46%; and silver carp, 9.91%±13.98%), and the Un-
classified (bighead carp, 7.90%±8.17%; common carp,
5.27%±3.73%; grass carp, 4.19%±3.33%; and silver carp,
12.65%±19.45%) were the most dominant genera inhabiting
the four fish species. Cetobacterium varied most in abun-
dance (P<0.05; Kruskal-Wallis) between fish species and
was highly abundant in the bighead carp hindgut (also see
Table S3 in Supporting Information; average: 50.25%)
whereas Aeromonas was highly abundant in bighead carp
midgut (Table S3 in Supporting Information; average:
27.88%). Furthermore, Unclassified Vibrionaceae (12.39%±
16.36%) and Neorickettsia (2.13%±4.55%) significantly
dominated in the bighead carp (P<0.005; Kruskal-Wallis)
more than the other species. The Unclassified Firmicutes and
Yersinia were more abundant in common carp (P<0.005 only
for Yersinia; Kruskal-Wallis), especially in the foregut
(average: 26.70% and 8.93%, respectively). Brevinema,
Bacteroides and Unclassified Prevotellaceae were unique to
the grass carp (P<0.05; Kruskal-Wallis, except for Brevine-
ma) while no genus that was uniquely abundant in silver carp
was observed in our datasets. Moreover, Unclassified Por-
phyromonadaceae was also more abundant in bighead carp
and grass carp, Clostridium XI and Clostridium sensu stricto
were significantly more abundant in bighead carp and
common carp (P<0.001; Kruskal-Wallis) and Acinetobacter
was significantly more abundant in grass carp and silver carp
(P<0.001; Kruskal-Wallis). Streptophyta was detected in all
foregut samples, with highest abundance in silver carp
(average: 3.50%), followed by grass carp (1.78%), bighead
carp (0.45%) and common carp (0.05%). Other prominent
genera, including Escherichia/Shigella, Spartobacteria
genera incertae sedis, Unclassified Betaproteobacteria, Un-
classified Gammaproteobacteria, Unclassified Proteobacter-
ia, and Pseudomonas were detected in almost all gut
samples, and in total accounted for 4.41% of the total se-
quences.
Cyanobacteria/Chloroplast
Cyanobacteria/Chloroplast was one of important phyla re-
sponsible for the differences seen in the microbiota of dif-
ferent samples. Sequences affiliated with Cyanobacteria/
Chloroplast were further retrieved and analyzed, and 63
OTUs were detected. Phylogeny trees using representative
sequences of these OTUs (Figure S3 in Supporting In-
formation) indicated that 17 OTUs (OTU63, Chlorar-
achniophyceae; OTU289, Chlorophyta; OTU10961, GpI;
Figure 4 Relative abundance of the dominant genera (each constituting >0.5% of the total sequences) in the intestinal contents of bighead carp, common
carp, grass carp and silver carp.
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OTU2008, 7181, 3724, 7672, GpIIa; OTU9192, GpXIII;
OTU2, 1489, 1907, Streptophyta; OTU4985, Chloroplast;
OTU5365, 4198, 6039, 7733, 7990, Cyanobacteria;) were
uniquely present in grass carp samples, 12 OTUs (OTU2685,
5845, 8425, Bacillariophyta; OTU6054, 6721, 845, 431,
Chlorophyta; OTU4038, Cryptomonadaceae; OTU8378,
GpIIa; OTU2330, GpVI; OTU8208, 3816, Streptophyta)
were present only in common carp samples, 10 OTUs
(OTU6735, Bacillariophyta; OTU485, Chlorophyta;
OTU2391, GpI; OTU6199, GpIIa; OTU5218, GpIV;
OTU10443, GpV; OTU6325, Streptophyta; OTU2179 1360,
3825, Cyanobacteria) were present only in silver carp sam-
ples, and only one OTU (OTU2825, Cyanobacteria) was
uniquely detected in the bighead carp samples.
DISCUSSION
In China, bighead carp, common carp, grass carp and silver
carp are the four most important freshwater fish species that
are cultivated for human consumption. Their respective gut
microbiotas however remain less understood (Li, X.M., et
al., 2014; Mandal and Ghosh, 2013). An NMDS plot (Figure
S4 in Supporting Information) suggests that their gut mi-
crobial composition is closer to that of Siniperca chuatsi
(Yan et al., 2016), Silurus meridionalis (Yan et al., 2016),
Pelteobagrus fulvidraco (Wu et al., 2010) and the domes-
ticated Danio rerio (Roeselers et al., 2011) than to Carassius
cuvieri (Li, T., et al., 2015), river caught D. rerio (Roeselers
et al., 2011), and mammals (Homon sapiens (Claesson et al.,
2009) and Bos taurus (Shanks et al., 2011)). The gut mi-
crobiota composition of the Asian carp species were further
compared with other gut microbiota that have been studied
till the phylum level (Figure S5 in Supporting Information).
Proteobacteria was the most dominant phylum detected this
study as well as in most fish gut samples in previous studies,
and is mostly absent in the gut of mammals and cultured C.
cuvieri (Li, T., et al., 2015). While all gut samples of
mammals shared Firmicutes as the most dominant phylum,
Bacteroidetes was highly abundant (relative abundance
>10%) in grass carp and mammals (Claesson et al., 2009;
Shanks et al., 2011). Euryarchaeota on the other hand was
unique to the fish gut samples in our study.
Extensive intra-species variation was observed in our
study, which is also the case with other vertebrate hosts such
as zebrafish (Stephens et al., 2016), humans (Caporaso et al.,
2011) and mice (Benson et al., 2010), suggesting a general
phenomenon in adult vertebrates. Dissimilarity tests based
on UniFrac (weighted) distances still demonstrated sig-
nificant differences in gut microbiotas of the four carp spe-
cies, suggesting a correlation between the species and the gut
microbial populations. Given that the different carps were
reared under the same environmental conditions, the differ-
ences in gut microbiota may not be a simple reflection of
microbes in the surrounding water, but instead result from
the species-specific diet, gut morphology, trophic level and
phylogeny, as shown in previous studies (Gatesoupe et al.,
2014; Liu et al., 2016; Ni et al., 2014; Wong and Rawls,
2012).
Cyanobacteria/Chloroplast are known to be an important
food source for most fish species (Bunn et al., 2003; Currin et
al., 2011). The relatively high abundances of this phylum in
silver carp and grass carp seen in our study further under-
scores its role as a food source for these two fish species. The
majority of the 16S rRNA sequences of Cyanobacteria/
Chloroplast belong to the genus Streptophyta, which re-
presents chloroplasts derived from ingested plant matter and
is abundant in the distal gut of humans who have a largely
plant based diet (David et al., 2014). In this study, Strepto-
phyta was mainly observed in the midgut samples of silver
carp and the hindgut samples of grass carp, indicating an
incomplete digestion process in the respective gut regions.
Similar incomplete digestion was also observed in invasive
Asian silver carp and planktivorous gizzard shad (Ye et al.,
2014). In addition, no member of the Cyanobacteria/Chlor-
oplast phylum was shared between silver carp and bighead
carp, suggesting that these two plankton-feeding species did
not compete for the same type of plankton even in a poly-
culture.
Proteobacteria and Fusobacteria are two most abundant
phyla in the gut microbiota of the four Asian carp species (Li,
J., et al., 2014; Li, T., et al., 2015). Most Proteobacteria
(30.96%) observed in the fish gut samples in this study be-
longed to genus Aeromonas, which includes pathogens and
has been associated with fish gastroenteritis (Austin, 2011;
He et al., 2017). This finding is consistent with previous
studies showing that fish gut is likely a reservoir for op-
portunistic pathogens (Mohammed and Arias, 2015). Given
that all gut samples in this study were collected from healthy
fish, the potential role of Aeromonas in these four species is
unclear but could be associated with cellulose degradation
(Jiang et al., 2011; Ray et al., 2012). This possibility was
supported by the abundance of Aeromonas in the grass carp.
Almost all Fusobacterial 16S rRNA sequences detected in
the fish gut samples in this study belonged to the genus
Cetobacterium, which has been observed in the human feces
samples and can ferment peptides and carbohydrates; all fish
samples used in this study carried this genus (David et al.,
2014). Cetobacterium can produce vitamin B12 (Tsuchiya et
al., 2008), which is interesting given that carps do not have a
dietary requirement of vitamin B12. The combination of a
fermentative metabolism together with vitamin production
well explains the relevance of Cetobacterium in the gut of
these carp species.
The Firmicutes and Bacteroidetes are the most significant
phyla reflecting the differences between the natural feeding
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habits of the fish species. The relative abundance of Firmi-
cutes, which potentially metabolizes dietary plant poly-
saccharides in the human gut, was highest in common carp
(24.56%±26.27%), followed by grass carp (11.19%±8.32%)
and bighead carp (10.84%±12.53%). Considering their nat-
ural feeding habits, this is not unexpected as the two major
genera constituting Firmicutes (27.22%) are Clostridium
sensu stricto and Clostridium XI, which include cellulose-
degrading and saccharolytic (Schwiertz et al., 2002), as well
as some proteolytic species (Gramignoli et al., 2012). The
members of these two genera are most abundant in the big-
head carp and common carp. In addition, although the pro-
teolytic genus Proteocatella was present at low abundance in
the grass carp, it was higher than in the other carp species
(David et al., 2014). The genus Bacteroides of phylum
Bacteroidetes dominated the midgut of grass carp followed
by its hindgut. Bacteroides are normally mutualistic mi-
crobes and show a high degree of versatility in processing
complex molecules like plant glycans to simpler ones in the
gastrointestinal tract of animals, allowing the host to max-
imize utilization of energy (Nayak, 2010). Since grass carp
are herbivorous, polysaccharide-degrading bacteria like
Bacteroides sp. are important for their digestive system. In
addition, the genus Prevotella, which always dominate the
gut of those who consume more carbohydrates (David et al.,
2014), was observed in the guts of grass carp, silver carp and
bighead carp, but at a very low abundance.
In conclusion, the gut microbiotas of these four econom-
ically important Asian carp species harbored saccharolytic or
proteolytic microbes, likely in response to their specific food
habits. Considering the differences in their natural diets, their
digestive processes are different and mainly consist of car-
bohydrate or amino acid fermentation. Therefore, this “food
connection” between the gut microbiota and host points to-
wards possible beneficial effects of the gut microbes on fish
nutrition. However, a number of microbes detected in our
study could not be classified, which suggested the possibility
of novel bacteria that needs to be validated. Further studies
on the gut microbiotas of the other Asian carp species can
help understand the differences in their natural feeding ha-
bits.
MATERIALS AND METHODS
Sample collection and DNA extraction
Since this study did not involve any endangered or protected
species, no specific permissions were required for the sam-
pling process. All procedures for the handling and euthanasia
of animals were approved by the Animal Care and Use
Committee of the Institute of Hydrobiology, Chinese Acad-
emy of Sciences, the Regulations for the Administration of
Affairs Concerning Experimental Animals of China, and the
Regulations for the Administration of Affairs Concerning
Experimental Animals of Hubei Province. Three samples
were collected for each fish species from the Shangshe Lake
(Wuhan, Hubei, China) and their foregut, midgut and hind-
gut were removed as described previously (Yan et al., 2012).
The gut contents were carefully collected into a sterile cen-
trifuge tube, flash frozen at −20°C, and subsequently trans-
ported to the laboratory (Ni et al., 2012). Microbial genomic
DNA was extracted from each sample using a Power Fecal
DNA extraction kit (Mo Bio, USA) according to the manu-
facturer’s instruction. The DNA was dissolved in 100 µL
sterile water and stored at −20°C for further analyses.
16S rRNA gene sequencing and data analysis
A primer set (515F/806R) targeting the V4 region of the 16S
rRNA gene was used for PCR amplification as described
previously (Wu et al., 2015; Yan et al., 2015). Due to the
quality of the extracted DNA, one hindgut sample of silver
carp could not be successfully amplified (Table S1 in Sup-
porting Information). The PCR products were purified with
Agencourt® Ampure® XP (Beckman Coulter, Inc., USA) and
then used as the template for the second PCR amplification
using the same primer set but different barcodes. The posi-
tive amplicons were quantified using The PicoGreen dsDNA
Assay Kit (Invitrogen, USA) and equal amounts of the PCR
products were pooled together and sequenced using an Il-
lumina MiSeq platform at the Institute for Environmental
Genomics, University of Oklahoma. One sample failed to
amplify so was not included in the final analysis.
Quality filtering, de-noising and chimera checking of the
sequences obtained from pyrosequencing were conducted
using the IEG’s Galaxy pipeline (http://zhoulab5.rccc.ou.
edu:8080) as described previously (Wu et al., 2015; Yan et
al., 2015). The taxonomic assignments of the sequences were
provided using the UPARSE method with 97% cutoff. The
representative sequence from each operational taxonomy
unit (OTU) was used to align with 16S GreenGene sequences
using PyNAST, and a maximum-likelihood tree was con-
structed using FastTree for the subsequent phylogenetic
structure analysis (Caporaso et al., 2010). The rarefaction
curves were calculated for each species and the alpha-di-
versity indices (i.e. OTU number, Chao1 estimator, abun-
dance-based coverage estimator (ACE), and Shannon
estimator) for each individual fish was calculated using
“phyloseq” package in R (R Development Core Team, 2008).
The shared OTUs were derived on the basis of the OTU table
generated by IEG’s Galaxy pipeline.
Statistical analysis
Dissimilarities of gut microbial communities were calculated
using the weighted UniFrac beta-diversity metric (Warton et
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al., 2012) via phyloseq (McMurdie and Holmes, 2013)
package in R (R Development Core Team, 2008). Non-me-
tric multidimensional scaling (NMDS) was used to visualize
the pairwise UniFrac distances among samples (Hamady et
al., 2010 ; Hammer et al., 2001). Venn diagrams were gen-
erated using limma package (Ritchie et al., 2015) in R.
Permutational multivariate analysis of variance (PERMA-
NOVA) (Anderson, 2001) on the basis of the UniFrac dis-
tance were performed in R using the adonis function from
the vegan package (Oksanen et al., 2016). To identify mi-
crobes that probably exhibited significant differences in
abundance between different fish species, Kruskal-Wallis
test was performed within PAST (Hammer et al., 2001).
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Figure S1 Microbial complexity based on taxonomic assignment results of the pooled sequences.
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Figure S3 Phylogenetic tree of Cyanobacteria/Chloroplast that are uniquely present in one of the four fish species gut samples. The unique
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(Claesson et al., 2009), Bos taurus (Shanks et al., 2011), Carassius cuvieri (Li, T., et al., 2015), Danio rerio (Roeselers et al., 2011), Siniperca
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